Protein synthesis, transport, and N-glycosylation are coupled at the mammalian endoplasmic reticulum by complex formation of a ribosome, the Sec61 protein-conducting channel, and oligosaccharyltransferase (OST). Here we used different cryo-electron microscopy approaches to determine structures of native and solubilized ribosome-Sec61-OST complexes. A molecular model for the catalytic OST subunit STT3A (staurosporine and temperature sensitive 3A) revealed how it is integrated into the OST and how STT3-paralog specificity for translocon-associated OST is achieved. The OST subunit DC2 was placed at the interface between Sec61 and STT3A, where it acts as a versatile module for recruitment of STT3A-containing OST to the ribosome-Sec61 complex. This detailed structural view on the molecular architecture of the cotranslational machinery for N-glycosylation provides the basis for a mechanistic understanding of glycoprotein biogenesis at the endoplasmic reticulum.
T he mammalian translocon is responsible for cotranslational insertion of proteins into the endoplasmic reticulum (ER). The translocon is formed from the Sec61 complex, the oligosaccharyltransferase (OST) complex, and the translocon-associated protein (TRAP) complex (1) . The Sec61 channel enables signal sequence-dependent protein translocation of soluble proteins through its central pore as well as integration of transmembrane proteins into the lipid bilayer through a lateral gate (2) (3) (4) (5) . OST catalyzes N-linked glycosylation of asparagine residues, an essential covalent protein modification (6) (7) (8) . In higher eukaryotes, the catalytic OST subunit STT3 (staurosporine and temperature sensitive 3) is present in two paralogous forms (STT3A and STT3B) that assemble with a partially overlapping set of accessory subunits (Fig. 1A ): RPN1 (ribophorin 1), RPN2 (ribophorin 2), OST48 (OST 48-kDa subunit), DAD1 (defender against cell death 1), TMEM258 (transmembrane protein 258), and OST4 (OST 4-kDa subunit) (9) . STT3B complexes contain several specific subunits that include the paralogous oxidoreductases TUSC3 (tumor suppressor candidate 3) and MAGT1 (magnesium transporter protein 1), whereas DC2 and KCP2 (keratinocyte-associated protein 2) are found only in STT3A complexes (10) . The STT3A complex is thought to act cotranslationally and to be stably integrated into the translocon (10) . The STT3B complex acts as a proofreader for sites missed by STT3A (11) . Structures of monomeric bacterial and archaeal STT3 homologs have provided detailed insights into the catalytic mechanism (12) (13) (14) . Genetic and biochemical data, as well as very recent high-resolution yeast OST structures (15, 16) , indicate three subcomplexes of intimately interacting OST subunits. In the mammalian STT3A complex, these are RPN1 and TMEM258 (subcomplex I); STT3A, OST4, DC2, and KCP2 (subcomplex II); and RPN2, DAD1, and OST48 (subcomplex III) (7) . The overall structure of mammalian OST in a native membrane environment has been established by cryo-electron tomography (cryo-ET) at medium resolution (1, (17) (18) (19) ; however, neither revealed structural details or the basis of STT3-paralog specificity.
To confirm STT3-paralog specificity in the ribosome translocon complex (RTC), we analyzed microsomes isolated from established DSTT3A and DSTT3B HEK cell lines, which do not express STT3A and STTB, respectively (10), using cryo-ET. Immunoblots confirmed the absence of either STT3A or STT3B in the microsomal preparations of knockout cell lines, whereas both paralogs were present in microsomes prepared from control cells (Fig. 1B) . Cryo-ET and in silico analysis of subtomograms showed that control microsomes harbored translocon populations that either included only TRAP (58%) or included both TRAP and OST (42%; Fig. 1C ), as expected (17) (18) (19) . The same populations were found in a similar ratio in microsomes isolated from DSTT3B cells (Fig. 1D) , suggesting that translocon-associated OST was not affected by STT3B knockout. By contrast, no translocon-associated OST was observed after STT3A knockout (Fig. 1E) , further indicating that RTCs harbor exclusively STT3A complexes (11) . Instead of the TRAP-OST translocon complexes, a different, possibly partially assembled translocon population was observed after STT3A knockout.
We used single-particle cryo-electron microscopy (cryo-EM) to visualize solubilized mammalian RTCs translating the well-studied membrane glycoprotein bovine opsin (20) (figs. S1 and S2). Reconstructions yielded nonprogrammed and programmed RTCs showing an overall translocon architecture as observed in the native membrane (18, 19) except for TRAP, which appeared disordered or bound in substoichiometric amounts. Local resolution ranged from 3.5 to 4.5 Å for Sec61 and adjacent OST transmembrane helices (TMs) to 5 to 5.5 Å for more peripheral OST TMs ( fig. S3 ). In the programmed, peptidyl-tRNAcontaining complex, the nascent polypeptide density could be traced from the peptidyl (P)-site tRNA through the vestibule of the ribosomal tunnel projecting toward the cytoplasmic tip of Sec61a TM10 ( fig. S4 ). Sec61 was in a conformation very similar to the previously described "primed" state ( (21), with a closed lateral gate (22, 23) and the plug helix (24) occluding the central pore.
Importantly, 28 additional TMs packed against Sec61 (Fig. 2, A and B) , where OST is positioned in the native translocon (19) . We generated a molecular model for mammalian STT3A, revealing high structural similarity to its fungal, archaeal, and bacterial homologs ( fig. S6 ) as well as its orientation in context of the RTC (Fig. 2, C and  D, and fig. S6 ). Clear density for the pyrophosphate group of the dolichol carrier was visible in the catalytic site (Fig. 2, B to D, and fig. S3D ), suggesting that STT3A was in an active state. Glycosylation of the two consensus motifs in our substrate had already been completed ( fig. S1C) , and no peptide-substrate density was visible in the catalytic site. The TMs assigned to STT3A were surrounded by 15 additional TMs (Fig. 2,  B and C, and fig. S7A ). Of these TMs, 10 were located at the distal side of STT3A, facing away from Sec61. Three of them formed a bundle directly adjacent to STT3A TMs 1 and 2, whereas another bundle of seven TMs was in proximity to STT3A TMs 5 to 8. On the basis of the three established OST subcomplexes (7) and the number of TMs included in the bundles, we assigned the three-TM bundle to subcomplex I and the seven-TM bundle to subcomplex III. One TM of subcomplex I extended into the metazoanspecific cytoplasmic domain of RPN1, which formed a four-helix bundle according to secondarystructure predictions ( fig. S7 , B and C). It was intercalated between the OST TMs and the ribosome and contacted the linker between ribosomal RNA (rRNA) helix H19 and H20, rRNA expansion segment ES7a (H25), and the tail of ribosomal protein eL28 (Fig. 2, A and E) . Antibodies against the cytosolic RPN1 segment inhibit protein translocation by interfering with ribosome binding to the translocon, confirming direct ribosome-RPN1 interaction (25) . We further observed four extra TMs tightly associated with STT3A belonging to subcomplex II. One single TM, which we attributed to the single-spanning membrane protein OST4, was tightly intercalated between STT3A TMs 1, 3, 12, and 13 ( fig. S7 ). The three remaining TMs located at the interface between STT3A TMs 10 to 13 and Sec61 were assigned to DC2. We built an atomic model for the three TMs of DC2 de novo based on excellent agreement between features resolved in our map and the predicted length and connectivity of DC2 TMs (Fig. 2F and  fig. S3D ). Recent biochemical data (10) show that DC2 assumes a central role in recruiting OST into the translocon complex, and interactions of DC2 with both Sec61 and STT3A have been predicted. Indeed, DC2 contacted STT3A via its lumenal C terminus (to STT3A TM13) (Fig. 2F) , the cytosolic TM2-TM3 loop (to STT3A TM12-TM13 loop), and TM2 (close proximity to STT3A TM9-TM10 loop, also referred to as EL5). The amphipathic DC2 N terminus projected toward Sec61 on the micelle surface (Fig. 2F) , whereas the lumenal loop of DC2 interacted with the C termini of Sec61b and Sec61g (Fig. 2F) . We did not observe density for KCP2, likely because it tends to dissociate upon solubilization (10). We observed an additional weaker density for a TM segment intercalated between DC2 and Sec61 in the peptidyl-tRNA-containing map, which was absent in the nonprogrammed map (Fig. 2, B and C, and fig. S2 ) and might correspond to the nascent opsin substrate or an as yet unknown translocon component.
We identified two interfaces integrating the STT3A complex into the RTC, one between the ribosome and the cytosolic RPN1 domain (Fig. 2, A and E) and one between DC2 and Sec61 (Fig. 2,  B and F) , both of which could explain STT3-paralog specificity. First, STT3B possesses a specific 47-amino acid soluble domain extending from STT3 TM1 into the cytosol directly beneath the cytosolic RPN1 helix bundle (Fig. 2, B  and C) . The STT3B-specific extension would thus be located in immediate proximity to the ribosome-OST interface, where it could interfere with ribosome binding. Second, STT3 TMs 10 to 13 and the cytosolic STT3 TM12-TM13 loop, identified as the major contact sites between DC2 and STT3A (Fig. 2, C and F) , differed considerably between the STT3 paralogs (table S1 and fig. S8 ). This suggests that DC2 binds specifically to the STT3A paralog, which would exclude STT3B complexes from the RTC.
In our second (nonprogrammed) reconstruction ( fig. S2 ), the general translocon architecture was very similar to the P-site tRNA-containing complex, and models for laterally closed Sec61 and OST fitted well as separate rigid bodies (Fig. 3A) . Comparison with the model of the programmed RTC revealed a tilting movement between Sec61 and OST, with the cytosolic loops of Sec61 and the cytosolic RPN1 domain serving as hinge points on the ribosomal large subunit (Fig. 3B and movie S1 ). Furthermore, we improved image processing for an already published cryo-ET data set (18) of the native RTC with laterally opened Sec61 ( fig. S9 ) to a resolution allowing rigid body fits of Sec61 and OST (Fig. 3A) . Upon opening of the Sec61 lateral gate, the Sec61a N-terminal domain and Sec61b approached DC2. This induced a repositioning of the entire OST complex to accommodate the Sec61 conformational change (Fig. 3B and movie S1 ). Although the relative arrangement of DC2 and Sec61 differed substantially between the three observed conformational states, DC2 always stably interacted with Sec61. Thus, DC2 acts as a versatile module that provides robust integration of OST into the translocon complex, even under vastly differing conformational states of the translocon complex.
Our cryo-EM reconstructions define the exact position and orientation of the OST catalytic site in the context of the mammalian RTC and enable a detailed dissection of the interface between OST and the ribosome-Sec61 complex. This allowed us to interpolate the path for a nascent glycosylation substrate for cotranslational scanning on translocon-associated OST (Fig. 3C) and provided a molecular basis for STT3-paralog specificity in the RTC (Fig. 3D) . The minimum distance between a TM segment at the Sec61 lateral gate and the catalytic site of STT3A was about 6.5 nm, explaining why glycosylation sites that are very close to TMs are often skipped by translocon-associated OST (26) . 
